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Abstract
A large-scale procedure was developed for the anaerobic purification of the human recombinant Ca2- and Zn2-binding
protein S100A3 for spectroscopic studies. S100A3 eluted as a non-covalently bound dimer (20.8 kDa). It contained 7.5 þ 0.1
free thiol groups/monomer, and bound Ca2 with a Kd of W4 mM, which corresponds to a tenfold increase in affinity
compared to the aerobically purified protein. The transition metal ions Co2, Zn2 and Cd2 were used as spectroscopic
probes to investigate the role of the 10 cysteine residues per monomer S100A3 in metal binding. Spectrophotometric
titrations suggest the formation of dinuclear thiolate-bridged clusters consisting of a Me2(SCys)4 and a Me2(SCys)3(NHis)
site as described for zinc finger proteins. A three-dimensional structural model of S100A3 was proposed on the basis of the
NMR structure of the structurally related rabbit S100A6 protein, and taking into account the structural influence of cysteine
residues. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The S100 protein family constitutes a large sub-
group of Ca2-binding proteins containing two dis-
tinct EF-hand motifs, separated by a central hinge
region [1,2]. The Ca2-binding site at the carboxy-
terminal contains 12 amino acids and is common
to all EF-hand proteins. The low-a⁄nity Ca2-bind-
ing site at the N-terminal end is S100-speci¢c, con-
taining 14 amino acid residues. The three-dimension-
al (3-D) structures of S100A6 [3,4] and S100B [5^8]
revealed a symmetric homodimeric fold unique
among Ca2-binding proteins. S100 proteins have
been implicated in pleiotropic cellular events, with
speci¢c functions for each family member [1]. A large
variety of di¡erent human diseases has been associ-
ated with a deregulated expression of S100 genes,
making them targets for future therapeutic interven-
tions.
Here we present a structural analysis of human
recombinant S100A3 protein, a quite unusual mem-
ber within the large S100 family. S100A3 (formerly
named S100E) is characterized by its high content of
Cys residues and its relatively low a⁄nity for Ca2
but rather high a⁄nity for Zn2 under physiological
conditions [9,10]. S100A3 was found to be speci¢-
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cally expressed in human skin [11,12,47] and local-
ized there in the inner root sheath cuticle of selected
hair follicles, implying that S100A3 might be in-
volved in Ca2-dependent cuticle cell di¡erentiation
and hair shaft formation.
The gene encoding S100A3 was localized in a tight
cluster together with other S100 genes on human
chromosome 1q21 [1,13]. This region is frequently
rearranged in many tumors [14,15], possibly a¡ecting
the di¡erential expression of some S100 proteins in
tumor cells. Similarly, as found for S100A2 [16,17],
S100A3 gene expression is also altered in breast epi-
thelial cell lines, and suggesting [18] that loss of
S100A3 expression might be associated with malig-
nant development.
To gain further insight into the unusual structural
and functional properties of S100A3, a new protocol
for an anaerobic puri¢cation was developed to test
for the structural role of sulfhydryl and disul¢de res-
idues. In addition to the divalent transition metal
ions Zn2 and Cd2, Co2 proved to be especially
useful as a spectroscopic probe to study the metal
binding properties of S100A3. Co2 exhibits a high
a⁄nity towards Cys-SH residues, as documented by
the appearance of characteristic sulfurCmetal
charge transfer bands. VO2 underwent rapid redox
chemistry with the anaerobically puri¢ed protein and
formed diamagnetic species. On the other hand,
VO2 formed EPR-detectable complexes with
S100A3 puri¢ed aerobically according to the proce-
dure of Fo«hr et al. [10]. Finally, a 3-D structural
model of S100A3 will be presented that is based on
the NMR structure of the related S100A6 protein.
The possible structural role of cysteine and cystine
residues of S100A3 will be discussed in more detail.
2. Materials and methods
2.1. Puri¢cation of recombinant S100A3 protein
Expression and puri¢cation of recombinant
S100A3 was carried out according to Fo«hr et al.
[10] with the following modi¢cations. E. coli TB1
clone expressing MBP-S100A3 fusion protein was
grown in DYT medium [19] (8 l) containing 0.25%
glucose and 100 Wg/ml ampicillin at 37‡C. Inoculum
was a 75-ml overnight culture. At A600 of W1, 1.5
mM IPTG was added to induce expression of the
fusion protein. After 4.5 h incubation, the culture
was cooled in an ice bath and cells were harvested
by centrifugation (8000Ug, 20 min). The pellet was
frozen in liquid nitrogen and stored at 370‡C. All
consecutive steps were carried out at 4‡C if not men-
tioned otherwise. 30 g (wet weight) frozen cells were
thawed and suspended in 50 mM Tris^HCl, 200 mM
NaCl (pH 7.5), to a ¢nal volume of 60 ml, and a few
crystals of DNAse I plus MgCl2W6H2O were added.
The cells were broken by two passages through a
French press at 100 MPa. After cell breakage, 0.5
mM EDTA was added and the crude extract was
centrifuged at 100 000Ug for 60 min. The superna-
tant was loaded onto an amylose resin a⁄nity col-
umn (4U25 cm; New England Biolabs), equilibrated
with 50 mM Tris^HCl bu¡er containing 200 mM
NaCl, 0.5 mM EDTA, pH 7.5 (bu¡er A). The col-
umn was washed with 2.0 l bu¡er A and the fusion
protein was eluted with bu¡er A containing 10 mM
maltose. Three mM DTT was added to the eluate,
which was dialyzed against 20 mM Tris^HCl, 0.5
mM EDTA, pH 8.0 (bu¡er B). After dialysis the
fusion protein was loaded onto a TMAE (1.6U20
cm; Merck) column equilibrated with bu¡er B. The
column, with the fusion protein bound, was washed
with 2.0 l bu¡er B and 1.0 l bu¡er B containing 1 mM
DTT to remove the protein-bound maltose. The
fusion protein was eluted with bu¡er B containing
1 M NaCl and concentrated by ultra¢ltration
(10 kDa; Amicon). By this procedure 700 mg fusion
protein in 20 ml were obtained. The proteolytic
cleavage of the fusion protein by factor Xa and the
consecutive puri¢cation were carried out in an an-
aerobic gas chamber (Coy, Grass Lake, USA), in
an atmosphere of 5% dihydrogen and 95% dinitrogen
to exclude oxidation of Cys-SH residues. Prior to
cleavage the MBP-S100A3 protein was dialyzed
against oxygen-free 50 mM Tris^HCl, 100 mM
NaCl, pH 8.0 (bu¡er C). A tenfold excess of sodium
dithionite and DTT per Cys-SH residue in S100A3
was added and the mixture was incubated for 2 h at
room temperature. Thereafter, the MBP-S100A3
protein was dialyzed against bu¡er C to remove re-
sidual dithionite and DTT which inhibit factor Xa.
Five hundred Wg of Xa protease (Boehringer) was
dissolved in 0.4 ml bu¡er C containing 1 mM Ca2
and added to 20 ml of solution with 35 mg protein/
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ml. After 36 h at room temperature the cleavage was
completed by more than 95%. One mM EDTA was
added and the solution was loaded onto the amylose
resin column equilibrated with oxygen-free bu¡er B.
The unbound protein was eluted and dialyzed
against 30 mM Tris^HCl, 0.5 mM EDTA (pH 8.0),
and loaded onto a TMAE column equilibrated with
the same bu¡er. S100A3 was eluted by a linear gra-
dient of 30 mM Tris^HCl (pH 8.0), containing
500 mM NaCl and 0.5 mM EDTA. The S100A3-
containing fractions were pooled and concentrated
by ultra¢ltration (2 kDa cut-o¡). The protein was
loaded onto a Superdex 75 gel ¢ltration column
(1.6U60 cm; Pharmacia) equilibrated with 20 mM
Hepes^KOH (pH 7.5), containing 150 mM KCl
and 5% (v/v) glycerol. The S100A3 containing frac-
tions were pooled and concentrated to either 300 WM
or 960 WM fractions, and frozen in liquid nitrogen.
2.2. Experiments under the exclusion of oxygen
Oxygen was removed from solutions by 8^10
cycles of vacuum and £ushed with argon 5.0 [20].
Oxygen-free solutions were stored in the anaerobic
tent (95% N2/5% H2) with oxygen below 0.1 ppm.
2.3. Determination of sulfhydryl groups
Free thiols were determined according to Riddles
et al. [21] with the following modi¢cations. Aliquots
of S100A3 (240 WM solution) were added to 6 M
Gu^HCl, 10 mM EDTA, 100 mM Tris^HCl, pH
7.6. After mixing, 10 Wl of 10 mM DTNB in 100
mM Tris^HCl (pH 7.6) were added and the absorp-
tion at 412 nm was recorded. The thiol content was
determined using O412 nm = 13 700 M31 cm31.
2.4. Complexation of metals
All plastic and glassware was incubated in 5 N
HCl for at least 36 h and rinsed carefully with double
distilled water that had been passed over a Chelex
100 column. For bu¡er and transition metal solu-
tions Chelex 100-treated water was used throughout.
Prior to adjustment of the pH, Chelex 100 resin was
added (0.5 g/100 ml) and the solution was stirred for
45 min; after adjustment of the pH, the solution was
passed through a 0.2-Wm ¢lter and stored in metal-
free plastic vials at 320‡C. S100A3 samples were
treated with a Chelex 100 suspension (50% in bu¡er,
200 Wl suspension/500 Wl protein) to remove metal
ions; Chelex 100 was removed by centrifugation.
Stock solutions of Zn2, Cd2, Co2 and Ca2
were prepared in double distilled water treated with
Chelex 100 (Biorad). For determination of Co2 the
optical index O512 nm = 4.8 M31 cm31 was used [22].
Zn2, Cd2 and Ca2 were added in the presence
of air, whereas in experiments with Co2 dioxygen
had to be excluded.
2.5. Ultraviolet-visible and £uorescence spectra
Spectra in the range of 210^800 nm were recorded
with a Perkin^Elmer lambda 16 instrument. Spectra
below 250 nm were recorded in 1 mm quartz cells,
otherwise cells with a 1-cm light path were used. The
absorption was corrected for dilution. In the case of
di¡erence spectra below 250 nm both cuvettes con-
tained the same concentration of S100A3, and the
same amount of Me2 solution or water was added
to each cuvette. Emission £uorescence spectra were
recorded with a Perkin^Elmer LS 50 spectro£uorim-
eter. Spectra between 300 nm and 450 nm were re-
corded after excitation of the single Trp residue at
295 nm with excitation and emission slits of 5 nm.
The concentration of S100A3 was 2 WM in these
£uorescence experiments; protein was determined us-
ing an extinction coe⁄cient of 14 000 M31 cm31.
All UV-vis and £uorescence spectra were recorded
in 20 mM Hepes^KOH, 150 mM KCl, 5% glycerol,
pH 7.5. For spectra below 250 nm the same bu¡er
was used and diluted fourfold with water.
2.6. Circular dichroism spectra
CD spectra of metal-free S100A3 were recorded on
a Jasco J-715 instrument. Spectra above 220 nm were
recorded in quartz cells with a 1-mm light path, be-
low 220 nm 0.1-mm cells were used. During the
measurements the major compartments of the instru-
ment were £ushed with dry nitrogen gas.
2.7. 3-D structure of S100A3
The 3-D NMR structure of apo S100A6 was used
as a basis [3]. Modeling was carried out on a SGI
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Indigo2 work station with the program O version 6.1
[23].
3. Results
3.1. Molecular parameters of S100A3
A large-scale puri¢cation procedure was developed
for S100A3 that yielded pure and stable protein in
amounts suitable for spectroscopic and future crys-
tallization experiments. From 2.0 g crude extract of
Escherichia coli TB1 cells, 120 mg of pure S100A3
were obtained routinely. Special care had to be taken
to prevent Cys sulfhydryl residues from oxidation
that led to aggregation and precipitation of S100A3
[10]. S100A3 eluted from the gel ¢ltration column as
a non-covalently bound dimer with an apparent mo-
lecular mass of 20.8 kDa; the protein prepared under
the exclusion of air contained 7.5 þ 0.1 free thiol
groups/monomer and was homogeneous by criteria
of SDS gel electrophoresis.
The UV absorption spectrum of metal-free
S100A3 showed two absorption maxima at 278 nm
and 283.5 nm. From the amino acid sequence, and
employing known extinction coe⁄cients for the aro-
matic amino acids Trp, Tyr and Phe, a spectrum was
calculated with a maximum at 275.5 nm (13 900
M31 cm31) and a shoulder at 281 nm, in good agree-
ment with the experimental spectrum (data not
shown). Assuming that cysteine sulfur will also con-
tribute to the absorption at 270^285 nm, a molar
extinction coe⁄cient of OW14 000 M31 cm31 per
monomer S100A3 was used for the determination
of metal-free S100A3 in solution. Note that the max-
imum of the metal-free S100A3 is shifted 3 nm to
longer wavelength compared to the maximum of
the calculated spectrum. This red shift indicates a
polar environment for at least part of the aromatic
residues.
Circular dichroism spectra of metal-free S100A3
were recorded and compared to the spectra of met-
al-free S100A6 protein. Clearly, the spectra of both
proteins are very similar and show a high content of
K-helical structure. Addition of metal ion, such as
two equivalent of Zn2/S100A3 monomer, gave a
signi¢cant decrease in intensity over the whole spec-
tral range (data not shown).
3.2. Complexation with metal ions
3.2.1. Binding of Ca2+, Zn2+ and Cd2+
Usually, coordination of Zn2 to thiolate sulfur
leads to intense bands in the UV region [24,25]. Sim-
ilarly, Cd2 can be used as a spectroscopic probe for
Zn2-binding sites to obtain information about the
number of coordinating sulfur atoms due to strong
ligandCmetal charge transfer transitions around 240
nm [24,25]. Addition of one equivalent of Zn2 to
S100A3 led to an increase in absorption around 205
nm (Fig. 1A). Further addition of Zn2 (up to two
Zn2/monomer) produced two absorption maxima at
211 nm (48 000 M31 cm31) and 235 nm (10 200
M31 cm31) (Fig. 1B). Concomitantly, the maxima
at 278 nm and 284 nm decreased in intensity.
After addition of two Cd2 to S100A3 monomer
two broad absorption bands with maxima at 215 nm
(52 300 M31 cm31) and 237 nm (43 400 M31 cm31)
appeared (Fig. 2A). Similarly to the binding of
Zn2, the absorption between 265 nm and 295 nm
decreased, indicating a change in the environment of
Tyr and single Trp residues. Addition of more than
two equivalents of Zn2 or Cd2 per monomer
S100A3 (i.e., four equivalents per S100A3 dimer,
which is present in solution) led to turbidity of the
solution and precipitation of S100A3 protein. The
spectral changes described above could be reversed
by addition of EDTA. In titrations of S100A3 with
Cd2 a spectral 1:1 intermediate could be detected,
which was not observed in the titrations with Zn2
(Fig. 1B, Fig. 2B). Each di¡erence absorption spec-
trum of the Zn2 or Cd2 complexes with S100A3
could be ¢tted by a set of three curves. The spectrum
of the (Zn2)2^S100A3 complex could be resolved
into bands with maxima at 210, 221 and 238 nm,
compared to 207, 220 and 238 nm for the (Cd2)2^
S100A3 species.
The £uorescence properties of S100A3 are known
to be sensitive to metal binding, which will induce
structural rearrangements [10]. Upon addition of
Zn2, or Cd2, the £uorescence emission of the single
Trp residue in S100A3 at 340 nm decreased dramat-
ically. The plot of the spectral change against free
Zn2 or Cd2 showed a sigmoidal shape that could
be ¢tted to the Hill equation. For the complexation
with Zn2 a Kd of 1.5 WM and nH 1.5 was obtained
(Fig. 3). For Cd2 two plateaus appeared in the ti-
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tration curve, the ¢rst at 0.4 WM and the second at
2.8 WM (Fig. 3). An overall Kd of 0.8 WM, nH 1.2,
was obtained from a ¢t to the Hill equation. Note
that both Zn2 and Cd2 bind to S100A3 in a pos-
itive cooperativity mode.
Addition of Ca2 to S100A3 led to a decrease in
absorption at 265^315 nm, as described previously
[10]. The Trp £uorescence decreased by 50% upon
addition of Ca2, and the change in £uorescence
could be described by a hyperbolic curve from which
a Kd of W4 mM was calculated (Fig. 4).
3.2.2. Binding of Co2+
Co2 is an excellent spectroscopic probe for Zn2-
binding sites in proteins and enzymes. Valuable in-
formation can be obtained on both the nature of
ligands as well as the geometry of the binding site
[22,26^29]. Octahedrally coordinated Co2 usually
shows weak d^d transitions in the visible region
(W5^10 M31 cm31), whereas the molar absorption
increases up to 100-fold for tetrahedral sites [29].
These electronic transitions between 500^800 nm
are sensitive to the nature and number of ligand
donor atoms. In the case of coordination of thiolate
sulfur to Co2 the absorption maxima shift towards
lower energy, and intense RS3CCo2 charge trans-
fer bands around 305^350 nm will appear.
After addition of Co2 to S100A3 an intense band
at 309 nm (6300 M31 cm31 per monomer) with a
shoulder at 348 nm (5300 M31 cm31 per monomer)
showed up in the electronic spectrum. An additional
spectral feature was observed at 550^800 nm, with
two absorption maxima between 664 nm and 685 nm
(920 M31 cm31) (Fig. 5A, insert). A plot of the
change in absorption vs [Co2] gave a sigmoidal
curve that was ¢tted to the Hill equation with
Kd = 228 WM, and nH = 2.7 (Fig. 5B). At [Co2]vKd
precipitation of the protein was observed. Similarly,
addition of Zn2 to Co2-loaded S100A3 caused
bleaching of the absorption in the visible region
and precipitation of protein. In another experiment,
one equivalent of Zn2 was bound to S100A3 fol-
lowed by stepwise addition of Co2. In this case
the identical absorption maxima as above showed
up but with lower intensity, O309 nm 3100 M31 cm31,
O348 nm 2600 M31 cm31, and O664ÿ687 nm 450 M31 cm31
per monomer (Fig. 5C). From the corresponding Hill
plot, Kd = 185 WM and nH = 2.2 was derived. At one
Fig. 1. UV di¡erence spectra of the complexation of S100A3 with Zn2. [S100A3 monomer] 61 WM, [Zn2] 30^124 WM. (B) Stoichi-
ometry of the complexation of S100A3 with Zn2.
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point in the titration with Co2, two absorption
maxima could be resolved at 658 nm and 688 nm
(Fig. 5C).
3.3. 3-D structural model of S100A3
In view of the high sequence homology between
human S100A3 and rabbit S100A6, and taking into
account the similarity of the circular dichroism spec-
tra of human S100A3 and human S100A6, with a
sequence more than 90% identical to rabbit
S100A6, the 3-D structure of metal-free rabbit
S100A6 was used to develop a structural model for
S100A3. Like other members of the S100 family, the
S100A6 protein has four K-helices and a small anti-
parallel L-sheet [3,4]. It contains two helix^loop^helix
calcium-binding motifs, one S100-type non-canonical
Ca2-binding loop of 14 residues and one canonical
EF-hand Ca2-binding loop of 12 residues. These
structural features were also proposed for S100A3
on the basis of sequence alignments [9]. In the se-
quences of human S100A3 and rabbit S100A6 (Fig.
6) there is a stretch of 90 amino acids with 38 iden-
tical and 41 homologous positions, and only 11 po-
sitions di¡erent. The alignment has one gap with a
length of two residues and a C-terminal extension of
S100A3 over a length of nine residues compared to
S100A6. In order to localize potential Zn2 ligands
in S100A3, the corresponding amino acid residues in
S100A6 were exchanged and a peptide of nine amino
acids was inserted into the C-terminal end of
S100A6. In the resulting model of S100A3 (Fig. 7)
Fig. 4. Change in Trp £uorescence upon Ca2 addition. The
solid line represents a hyperbolic ¢t; Kd = 4 mM.
Fig. 3. Fluorescence titration of the complexation of S100A3
with Zn2 (a) and Cd2 (F) ; solid line, curve calculated from
Hill equation.
Fig. 2. UV di¡erence spectra of the complexation of S100A3
with Cd2. [S100A3 monomer] 63 WM, [Cd2] 16^160 WM. (B)
Stoichiometry of the complexation of S100A3 with Cd2. Ab-
sorption at 215 nm (F) and 237 nm (b).
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the conserved hydrophobic residues, which are crit-
ical for the observed dimer formation, are located at
the dimer interface. Four out of six residues (Tyr27,
55, 85, 89) are positioned on the surface of the pro-
tein, and two (Tyr85, 89) are located at the C-termi-
nus of S100A3. The single Trp is located in the linker
region between helices II and III, with the aromatic
residue partially exposed to the solvent. The location
of the Tyr residues in the 3-D model on the surface
accessible by polar solvent are in good agreement
with the observation that the aromatic amino acid
residues are shifted to a longer wavelength. All Cys
residues are exposed to the solvent (Figs. 7 and 8).
Residues Cys23 and Cys30 are located in the Ca2-
binding loop I of S100A3. The SH groups are in
close proximity, thus may easily form an intramolec-
ular disul¢de bridge (Fig. 10). It appears that inter-
molecular disul¢de bridges between two S100A3
monomers are unlikely to be formed (Fig. 7), as ob-
served for anaerobically puri¢ed S100A3. The C-ter-
minal end, which contains three Pro residues, forms
a loop region that does not show any homology to
known structures with K-helical or L-sheet content.
Thus, this portion of the protein is known to be
important for target protein binding and should in
Fig. 6. Alignment of amino acid sequences of human S100A3
(SWISS-PROT ac. no.: P33764) and rabbit S100A6 (SWISS-
PROT ac. no. : P30801). Symbols: M corresponds to identical
residues (38); : corresponds to conservative exchanges (21);
W corresponds to similar exchanged amino acid residues; ^ marks
the position of 11 residues in S100A3, where no overlap was
found to the sequence of S100A6. Helices in the structure of
S100A6 are displayed as cylinders, loop-like structures as lines;
the very short L sheets in the Ca2 loop region are not dis-
played.
Fig. 5. UV-vis di¡erence spectra of the complexation of
S100A3 with Co2. [S100A3 monomer] 128 WM, [Co2] 76^700
WM. (B) Spectrophotometric titration of the complexation of
S100A3 with Co2. Absorption at 674 nm (F) (U10) and at
309 nm (b). Solid line represents ¢t to the Hill equation with
Kd = 226 WM and nH = 2.7. (C) Electronic spectrum of the Zn2/
Co2^S100A3 intermediate. [S100A3 monomer] and [Zn2] 120
WM, [Co2] 400 WM.
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the metal-free form have a higher degree of £exibility
than other S100 proteins (Fig. 7).
4. Discussion
S100A3 belongs to the family of Ca2-binding
S100 proteins that bind Zn2 with high a⁄nity
[10]. Some members of this group of proteins are
reported to bind up to four Zn2 ions per monomer,
probably via coordination through Cys and His res-
idues [2,30^35]. This study reports on the nature of
the Zn2-binding sites of S100A3, which has the
highest Cys content of all S100 proteins, i.e., 10
Cys residues out of 101 amino acids. S100A3 was
puri¢ed in the absence of oxygen in an atmosphere
Fig. 7. Three-dimensional model of S100A3 dimer. The monomers are displayed in red and blue. The sequence from N- to C-terminus
is indicated in brighter colours. Cys and His residues are shown in ball-and-stick type. Figs. 7^10 were made with the program MOL-
SCRIPT [46].
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of 95% N2/5% H2. Under these conditions the oxi-
dation of sulfhydryl groups formation was pre-
vented. Of the 10 cysteinyl residues, eight were
present in the reduced sulfhydryl state according to
the quantitative determination of SH groups.
Clearly, the UV spectrum of the (Zn2)2^S100A3
complex showed similar features as those described
for Zn2^metallothionein [24,25], indicating thiolate
coordination. Cd2 was applied as a spectroscopic
probe to determine the number of coordinated thiols.
Again, the UV spectrum of (Cd2)2^S100A3 was
very similar to spectra reported for the complex of
Cd2 with metallothionein. The transition at 237 nm
(43 400 M31 cm31) results from a Cys-S3CCd2
charge transfer. Based on a molar extinction coe⁄-
cient of 6000 M31 cm31/Cys-S3CCd2 [36], seven
Cys-S3^Cd2 bonds were estimated. This would in-
dicate that there are two di¡erent Me2-binding sites
present in S100A3 with tetrahedral geometry. In one
site the Me2 ion is coordinated by four thiolates vs
three in the second site. The fourth ligand in the
second site could be a His residue. This assumption
is supported by the results obtained with Co2 as
spectroscopic probe. The optical properties of
(Co2)2^S100A3 at 500^800 nm are typical for a tet-
rahedrally coordinated Co2 and arise from d^d
transitions [22]. Two di¡erent binding sites are rec-
ognized by the following observations: (i) the molar
extinction coe⁄cient of 920 M31 cm31 appears rea-
sonable for a (Co2)2^S100A3 (monomer) complex,
and (ii) the spectral features in the visible region can
be assigned to one Co2(SCys)3NHis center and one
Co2(SCys)4 site [22,37,38,39]. The intense transition
at 309 nm is assigned to a RS3CCo2 charge trans-
fer band [22]. The molar extinction coe⁄cient O309 nm
of 6300 M31 cm31 observed for (Co2)2^S100A3
(monomer) agrees well with the assumption of seven
Cys^Co2 bonds; note that the molar extinction co-
e⁄cient for a RS3CCo2 charge transfer band is in
the order of 800^1200 M31 cm31 [40].
Binding of Co2 to one speci¢c binding site in the
S100A3 monomer, as reported for horse liver alcohol
dehydrogenase [39], was not observed. If one equiv-
alent per monomer Zn2 was added to S100A3 prior
Fig. 8. Model of Zn2 binding to S100A3 monomer. Helices are displayed in red, coils in white and Ca2-binding loops in blue. Cys
and His residues are shown in ball-and-stick type. The two Zn2 ions are shown in green. The picture on the left side shows apo
S100A3, with the long C-terminal loop. The right side shows S100A3 monomer after Zn2 binding, with the C-terminus folded
around the two Zn2 ions.
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Fig. 10. The distortion of Ca2-binding loop I of S100A3 by a disul¢de bond between Cys23 and Cys30. Overlay of structures of
S100A3 and Ca2-bound S100 protein calbindin D9K. Only the Ca2-binding loops I of both structures are displayed. The Ca2-
binding loop I of apo-S100A3 is drawn in blue, the Ca2-binding loop and the bound Ca2 of calbindin D9K are drawn in gray. The
Cys residues of S100A3 forming the disul¢de bond are drawn in ball-and-stick type.
Fig. 9. Three-dimensional model of the (Zn2)2-binding site at the C-terminus of S100A3. The His and Cys residues, which coordinate
the Zn2 ions, are displayed in ball-and-stick type. The Zn2 ions are drawn in green, sulfur atoms in yellow, oxygen in red, carbon
in gray, and nitrogen in blue.
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to the addition of one equivalent of Co2, the spec-
tral features were practically identical to those ob-
served for (Co2)2^S100A3. Assuming that both met-
al binding sites I and II in S100A3 have similar
a⁄nities for Zn2 and Co2, these spectral features
could be explained by the presence of mixed popula-
tions, such as [Zn2(I)/Co2(II)^S100A3], [Co2(I)/
Zn2(II)^S100A3], or [Zn2(I)/Zn2(II)^S100A3]
and [Co2(I),Co2(II)^S100A3]. However, binding
of Me2 to S100A3 proceeds with high positive co-
operativity, as documented by Hill coe⁄cients nHs 1
for Zn2, Cd2 and Co2. This ¢nding indicates that
both binding sites have di¡erent a⁄nities, and that
binding of the ¢rst metal ion to site I induces binding
of the second metal ion to site II of the same protein
molecule.
The a⁄nity of Cd2 for Zn2-binding sites is in-
£uenced by the number of thiolate ligands. In Zn2-
binding sites, with three Cys and one His coordi-
nated, the a⁄nity for Zn2 and Cd2 is almost iden-
tical. With four Cys residues coordinated, the a⁄nity
for Cd2 is about 100-fold higher than for Zn2 [29].
In S100A3 the two Cd2 ions bind with about two-
fold a⁄nity compared to Zn2 (Fig. 3). The data
presented here suggest that S100A3 binds two metal
ions/monomer in sites similar to those described for
zinc ¢nger proteins where Zn2 is coordinated by His
and Cys residues in a tetrahedral geometry [41,42].
Surprisingly, the a⁄nity of S100A3 is low for Zn2,
Cd2 and Co2 compared to this class of metal bind-
ing proteins. Note that Kd values for Zn2 bound to
zinc ¢nger protein are in the order of 10312 M
[24,25,42], whereas the Kd value for (Zn2)2^
S100A3 is in the order of 1036 M. Similarly, the
Kd values for Co2 bound to zinc ¢nger proteins
are in the range of 1036 to 1038 M [28,29], compared
Fig. 11. Schematic presentation of the (Zn2)2-binding site in S100A3 compared with GAL4 (Zn2)2-binding site. X represents amino
acids between Zn2-coordinating residues.
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to 1032 and 1033 M for (Co2)2^S100A3. One pos-
sible explanation for the lower a⁄nity of the Ca2-
binding protein S100A3 towards transition metal
ions, such as Zn2 or Co2, might result from ener-
getically unfavorable structural changes induced by
metal ion binding to cysteine and histidine residues.
The results from the spectrophotometric titrations
suggest that two Zn2 ions bind to S100A3 monomer
in a concerted manner, forming one Zn2(SCys)4 site
and one Zn2(SCys)3NHis site.
Five out of 10 Cys residues (Cys81, Cys83, Cys86,
Cys93 and Cys99) as well as the single His residue
are clustered in the C-terminal part of the S100A3
protein involved in target recognition [2]. In the 3-D
structural model the Cys residues are positioned at
the end of helix IV and in the C-terminal £exible
loop. In this model, these ¢ve Cys residues and the
single His residue can constitute a metal binding site
(Fig. 9). The residual Cys groups are located in the
opposite part of the molecule in Ca2-binding loops I
and II, as well as in K-helices I and III (Fig. 7). In the
case of two structurally separated metal binding sites,
only one Me2(SCys)4, or one Me2(SCys)1(NHis)1 site
could be formed. This is in contrast to the experi-
mental results that give clear evidence for seven thi-
ol^metal bonds. Two structurally linked sites in the
form of a (Zn2)2 cluster, with bridging thiolates,
would satisfy the 3-D model (Fig. 9) and the optical
data. This binuclear cluster in the S100A3 monomer
could resemble the (Zn2)2 cluster found in transcrip-
tion factors of the GAL4 type (Fig. 11) [43,44]. In
this type of Zn2-binding protein, both Zn2 ions are
coordinated by six Cys residues. In the case of
S100A3 there are ¢ve Cys residues and one His res-
idue, giving a total of seven thiol^metal bonds (Fig.
7). Binding of the ¢rst Zn2 ion to S100A3 would
position two Cys-S3 ligands into the proper geome-
try for facilitated binding of the second Zn2 ion, as
re£ected in the positive cooperativity. The structural
rearrangements necessary for the binding of two
Me2 ions to S100A3 monomer might explain the
lower a⁄nity compared to zinc ¢nger proteins. It is
interesting to note that several S100 proteins (includ-
ing S100A1 and S100B) are involved in transcription
activity [2].
Previously, the a⁄nity of the Ca2-binding protein
S100A3 for Ca2 was reported to be rather poor
(Kd = 35 mM) by comparison to other Ca2-binding
proteins [10]. S100A3 puri¢ed by the new protocol in
the absence of air exhibits a Kd = 4 mM for Ca2 that
corresponds to a ninefold increase in a⁄nity. Fur-
thermore, a hyperbolic binding curve was determined
compared to sigmoidal curves [10]. Clearly, both
preparations di¡er in their content of reduced Cys-
SH groups, i.e., 7^8/S100A3 monomer (anaerobic
puri¢cation) vs. 5 (aerobic puri¢cation). According
to the 3-D model, residues Cys23 and Cys30 can
easily form a disul¢de bridge that will distort the
adjacent Ca2-binding loop I and will in£uence the
metal a⁄nity of the second Ca2-binding loop (Fig.
10). The ¢ndings of di¡erent a⁄nities for Ca2 of
S100A3 (anaerobic vs aerobic puri¢cation) is inter-
esting and may provide a model to explain the intra-
and extracellular functions of S100 proteins. Intra-
cellular (under reducing conditions, [Ca2] low) S100
proteins have a higher a⁄nity for Ca2, acting as
Ca2-regulator proteins; extracellularly (non-reduc-
ing conditions, [Ca2] high) they form disul¢de
bridges like S100B, which results in an altered
Ca2-binding structure and a lower Ca2 a⁄nity,
needed for extracellular functions such as neurite ex-
tension (S100B) [45] or chemotactic activities
(S100A8, S100A9) [2,35].
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